Abstract. Polar Mesosphere Summer Echoes (PMSE) have been observed in the high latitudes of the Northern and Southern Hemisphere for several years using VHF radars located at Andenes/Norway (69 • N, 16 • E), Resolute Bay/Canada (75 • N, 95 • W), and Davis/Antarctica (69 • S, 78 • E). The VHF radars at the three sites were calibrated using the same methods (noise source and delayed transmitting signal) and identical equipment. Volume reflectivity was derived from the calibrated echo power and the characteristics of the seasonal variation of PMSE were estimated at the sites for the years 2004 to 2007. The largest peak volume reflectivity of about 2×10 −9 m −1 was observed at Andenes compared with their counterparts at Davis (∼4×10 −11 m −1 ) and Resolute Bay (∼6×10 −12 m −1 ). The peak of the PMSE height distribution is 85.6 km at Davis which is about 1 km higher than at Andenes. At Resolute Bay the height distribution peaks at about 85 km but only a few layers were found below 84 km. The mean PMSE occurrence rate is 83% at Andenes, 38% at Davis with larger variability and only 18% at Resolute Bay (in late summer). The duration of the PMSE season varies at Andenes from 104 to 113 days and at Davis from 88 to 93 days. In general the PMSE seasons starts about 5 days later at Davis and ends about 10 days earlier compared to Andenes. In all three seasons the PMSE occurrence suddenly drops to a much lower level at Davis about 32 days after solstice whereas the PMSE season decays smoothly at Andenes. The duration of the PMSE season at Andenes and Davis is highly correlated with the presence of equatorward directed winds, the observed differences in PMSE occurrence are related to the mesospheric temperatures at both sites.
Introduction
Polar mesosphere summer echoes (PMSE) are strong enhancements of signal power at very high radar frequencies that occur between about 80 and 95 km in altitude at polar and middle latitudes during summer. An example of such an echo represented by the received relative signal power is shown in Fig. 1 . The phenomenon of strong radar echoes from the mesopause region during summer is well known from VHF radar observations at polar latitudes in the Northern Hemisphere (NH) for more than 20 years. PMSE are caused by inhomogeneities in the electron density of the radar Bragg scale within the plasma in the cold summer mesopause region (see Kelley et al., 1987) . The first mesospheric summer echoes were actually observed with the SOUSY radar (53.5 MHz) in the Harz mountains of Germany (52 • N) by Czechowsky et al. (1979) before the first echoes of this type were seen at the polar latitude site Poker Flat by Ecklund and Balsley (1981) . A detailed review can be found in Cho and Röttger (1997) . An overview on the current understanding of this phenomenon has recently been published by Rapp and Lübken (2004) .
Appropriate measurements in the Southern Hemisphere (SH), however were rare in the past and limited to low southern latitudes basically due to the lack of radars deployed in the southern polar region. First experiments for PMSE observations in the Southern Hemisphere were carried out by Balsley et al. (1993) analysis of these observations led to the conclusion that there are no PMSE at this latitude (Balsley et al., 1993) or, if they exist at all, these echoes had to be at least 34 to 44 dB weaker than their NH counterparts (Balsley et al., 1995) . One year later the first SH PMSE were observed with the improved radar at Machu Picchu (Woodman et al., 1999) . This observation reinforced previous conclusions that there are large differences between the strength of PMSE observed in the two hemispheres. Woodman et al. (1999) attributed this asymmetry to differences in mesopause temperature between the two sites. Huaman and Balsley (1999) suggested that differences in water vapour and dynamics might be the cause of the observed lag in PMSE occurrence. However, Lübken et al. (1999) showed on the basis of in situ measurements that there is no significant difference in the polar mesopause temperature between both hemispheres. Morris et al. (2004) presented the first morphology of daily and seasonal occurrence of SH-PMSE based on VHF radar observation at Davis during austral summer of 2003/2004. They concluded that SH PMSE observed at 68.6 • S exhibit similar characteristics to published observations (i.e. altitude, intensity, diurnal and seasonal occurrence distributions) at similar northern latitudes, at least for the last three weeks of the austral PMSE season. Latteck et al. (2007) on the basis of radar volume reflectivity. They found that PMSE observed at Davis are less reflective and reach maximum heights of about 1 km higher than those in the Northern Hemisphere at an equivalent latitude near 69 • . Furthermore, PMSE occurred less frequently but with greater variability above Davis. The studied PMSE seasons started at Andenes and Davis around 34 days before solstice but the duration of the PMSE season was about 9 days shorter at Davis. Kirkwood et al. (2007) compared PMSE which were obtained with cross-calibrated VHF radars in the Arctic (Kiruna, 68 • N) and Antarctica (Wasa, 73 • S) and found very similar PMSE characteristics between the two sites for the late summer season. Hence the interhemispheric and latitudinal differences of the appearance and intensity of PMSE still remains an open question and the use of system independent parameters for the comparison of PMSE from different sites is necessary. In the present study the inter-annual variability of PMSE occurrence in the Northern and Southern Hemisphere has been studied incorporating two additional years of PMSE observations at Davis and Andenes, together with PMSE observations at the polar cap site at Resolute Bay.
Radar volume reflectivity η is a system independent parameter in contrast to, e.g., relative signal strength or signalto-noise ratio which depend on the individual radar characteristics (e.g. transmitting power, antenna gain, and receiver band width) and the experiment configurations (e.g. coherent integrations, code length, and pulse width). Radar volume reflectivity is defined as the power which would be scattered if all powers were scattered isotropically with a power density equal to that of the backscattered radiation, per unit volume and per unit incident power density (Hocking, 1985) . It can be expressed as
where r is the range to the scatterers, G t and G r are the one-way gain of the transmitting and receiving antenna respectively, θ [1/2] is the one-way half power half-width of the transmitting antenna beam, λ is the radar wavelength, e is the system efficiency containing mainly the losses of the antenna feeding system, P t is the transmitted peak power, P r is the received signal power, c is the speed of light, and τ is the effective pulse width (Hocking and Röttger, 1997) . The factor 2 ln(2) is a correction term related to the non-uniform antenna gain over the half-power beam-width (Probert-Jones, 1962) . The system dependent parameters of Eq. (1) can be combined into a system factor c sys , so finally the radar reflectivity η depends only on the range to the scatterers r and the absolute value of the received signal power P r .
The correct determination of the received signal power requires the calibration of the radar system. Two different radar calibration methods are presented in Sect. 2.
Calibration of the radar receiving system
The receiving system of an atmospheric radar usually archives the received signal power in arbitrary units (au) dependent on the resolution of the A/D converter. These values furthermore depend on the receiver characteristics (e.g. gain and bandwidth) as well as on experiment configurations (e.g. coherent integrations and the transmitted wave form). In order to get the received signal power P r in units of a physical quantity the relation between the stored digital values and the physical quantity has to be estimated. This procedure is commonly called "absolute calibration" and methods are described in various papers (e.g. Green et al., 1983; Inhester et al., 1990) .
A common calibration method for MST radars uses the background noise detected from running standard experiments and the derived signal-to-noise ratio for estimation of the received echo power. The radio noise at VHF frequencies is mostly of extra-terrestrial/cosmic origin and undergoes a daily variation which depends on the radar frequency and the beam pointing direction. Maps of the cosmic noise temperature are available but difficult to use as these maps are often not available for the radar operation frequency. These maps have to be converted into equivalent cosmic noise temperatures at the radar operation frequency using assumptions about the frequency dependence of the cosmic noise temperature. In addition, the sampled radar data are sometimes contaminated by interfering signals or anomalous ionospheric absorption in the case of precipitation of energetic particles at high latitudes. These effects are sporadic and have to be carefully removed.
A reliable calibration of VHF radars can be achieved with a calibrated noise source fed directly into the receiving system consisting of a front end amplifier, baseband receiver and digitizer (see Sect. 2.1). Alternatively the transmitted signal itself can be used (see Sect. 2.2). The principle setup of both methods are sketched in Fig. 2 . 
Calibration with calibrated noise source
The noise power fed into a receiver can be described by its equivalent noise temperature T n.inp
where k B is the Boltzmann constant and B N is the equivalent receiver noise bandwidth (Skolnik, 1990) . The relation between the inserted noise signal P n.inp and the noise power P n.out measured at the receiver output is linear with an offset for T n.inp =0 caused by the receiver noise temperature T r
where g r is the overall available gain of the receiving system. Figure 3 shows this relation for different noise temperature levels as used for the ALWIN VHF radar calibration.
The analyzed data are typically stored in arbitrary units (au). It is possible to convert each stored noise power from digital units directly into its equivalent noise temperature using the estimated parameters offset a and slope b.
Furthermore a substitution of T n.inp in Eq. (3) with Eq. (5) leads to a calibration factor c n for incoherent detected signals as noise. Taking into account that the use of coded pulses of length n as well as the use of m coherent integrations improve the signal-to-noise ratio by the factor of n·m if signals from coherent atmospheric scatterers are received, the calibration term c n can also be used to directly convert the stored signal values from digital units into signal power.
Figure 4 shows the relation between noise power and the corresponding values in arbitrary units (circles and dashed line) after the ALWIN receiver calibration with a calibrated noise source for input powers between about 10 −14 and 10 −13 W. The solid line represents the calibration curve for coherent atmospheric echoes based on 16 bit coded transmit pulses and integrated by a factor of 32 during reception.
Calibration with delay line
Using the setup b shown in Fig. 2 leads directly to the calibration factor c s for coherently received signals. The transmitted signal is taken from the antenna port using a directional coupler, delayed by some microseconds and fed into the receiver input port. The delay allows the transmitted signal to be used directly as an ideal echo whose amplitude or power can be measured at the output of the directional coupler. Since the necessary delay for a VHF radar is in the order of some 10th of a microsecond, it cannot be achieved by cable. We used an ultra-sonic delay line and obtained a delay of 100 µs corresponding to 15 km at 53.5 MHz. Sending pulses with differ- ent amplitudes through the delay line into the receiver results in a relation shown by the circles in Fig. 5 . The calibration factor c s for coherent received signals can directly be determined from the slope of a linear fit (solid line) through these values.
Additionally the delay line measurements provide a precise range calibration with an accuracy better than half a range gate.
System parameters and experiment setups
The 53.5-MHz radar ALWIN at Andenes (69.3 • N, 16.0 • E) commenced operation in October 1998 (Hocking et al., 2001) . A detailed description of the radars can be found in the corresponding references. The basic system parameters and experiment configurations used for PMSE observations and the resulting system factors c sys of Eq. (2) are summarized in Table 1 . The transmitted peak power and the system efficiency were obtained from measurements. The gain of both the transmitting and receiving antenna arrays as well as the antenna beam width (full-width at half-power) were obtained from model simulations. The Numerical Electromagnetics Code (NEC) with the Norton-Sommerfeld approximation (Kelley and Ulwick, 1988; Hocking and Röttger, 1997; Stebel et al., 2004) . The red line indicates the lower threshold chosen for the comparison of occurrence rates.
signal generation or decoding on reception, the calibration factor c s obtained with this method was finally used for the determination of total received signal power with this study.
Results and discussion

Minimum detection limits
The occurrence of PMSE in the Northern and Southern Hemisphere (NH/SH) were studied using continuous PMSE observations during To simplify the application of the calibration factor to the data the same experiment configuration was also used for the absolute calibration procedures. Volume reflectivity was derived from the signal power for several seasons of PMSE observations. The occurrence rates of PMSE were derived from 5-min mean values of radar volume reflectivity. A PMSE event was defined as a radar reflectivity enhancement above the detection limits, but for a minimum duration of 20 min (i.e. 4 consecutive 5-min averages) in one height channel. Finally a mean seasonal data set of volume reflectivity and PMSE occurrence was derived for each site. locations. The relative occurrence of volume reflectivity and their normalized distribution vs. altitude for all three sites is presented in Fig. 7 . Minimum and maximum detected volume radar reflectivity for the given periods of PMSE observations are extracted from the mean seasonal data sets and listed in Table 2 . Significant differences are given in the sensitivity of the radars mainly caused by the individual experiment configurations used at the three sites as shown in the lower part of Table 1 . Especially the product m·n has an important impact on the minimum detection limit of radar volume reflectivity as it improves signal-to-noise ratio of the complete receiving system. The maximum reflectivity measured at Andenes is about 1.5 orders of magnitude larger than the largest value observed at Davis indicating that SH-PMSE are weaker than their NHcounterparts at the same geographic latitude. The huge difference in maximum reflectivity observed at Andenes and Resolute Bay of more than 2 orders of magnitude suggests strong longitudinal differences of PMSE characteristics in the Northern Hemisphere. Resolute Bay is located close to the magnetic north pole where particle precipitation influencing the occurrence of PMSE might be different from the particle precipitation at Andenes which is located within the auroral oval most of the time.
The red line in Fig. 6 marks the minimum reflectivity of 1×10 −15 m −1 chosen as a common threshold for the determination of PMSE occurrence rates at Andenes and Davis. The value was close to the detection limit of the Davis VHF radar before the system upgrade in January 2005 as discussed in detail in Latteck et al. (2007) .
Comparison of PMSE observations from Andenes (69 • N) and Davis (69 • S)
Interhemispheric similarities and dissimilarities of PMSE were studied using occurrence rates based on three years of PMSE observations at Andenes and Davis. Figure 8 shows the seasonal distribution and variation of PMSE occurrence and their diurnal variation above Andenes and Davis. The occurrence rates refer to radar reflectivities above a common threshold of 1×10 −15 m −1 , and to the number of 5-min averages per day (maximum 288). The seasonal occurrence rate in the middle plots is based on the occurrence of a PMSE event at any height within a 5-min time bin. The bottom plots show the daily occurrence rate of PMSE normalized to its maximum. The mean PMSE occurrence at Andenes reaches a maximum between 11:00-16:00 LT as known from recent observations (e.g. Hoffmann et al., 1999) and has a pronounced minimum at 18:00-22:00 LT. Between 22:00 and 11:00 LT several weaker enhancements in occurrence are observed. A similar behavior was found for the austral summer of 2004/2005 above Davis and this characteristic can be verified by the current study of a mean season of Davis observations. However the minimum occurrence at Davis is not so well pronounced as in the Andenes observations. The seasonal height distribution and variation of PMSE is presented in the top and middle panels of Fig. 8 ; a direct comparison of the seasonal variation of PMSE occurrence between Andenes and Davis is shown in Fig. 9 . The mean seasonal PMSE occurrence above Davis is lower and has a much greater variability compared to the observations above Andenes. At the beginning of the PMSE season (day −51 to −21 r.t.s.) the monthly mean value of daily occurrence reached 19% at Andenes but only 7% at Davis. During the PMSE core period (day −20 to 40 r.t.s) June/July and December/January, respectively the mean occurrence rate at Davis (38%) is about half the amount as observed at Andenes (83%). The results are summarized in Table 4 . The end of the PMSE season at Davis is marked by a sudden drop of occurrence frequency around day 32 r.t.s. followed by a reduction in PMSE occurrence after that time. In February 2005 the Davis radar was upgraded shortly after the day when the PMSE occurrence dropped to zero , and the subsequent reduced PMSE occurrence was partly discussed as being caused by the calibration procedure. The observations of the following two seasons at Davis showed the same behavior and in February 2006 the PMSE occurrence dropped to zero exactly at the same day r.t.s. as observed in 2005. This interesting feature is clearly seen in the individual seasonal occurrence rates of the Davis PMSE observations shown in Fig. 9 and confirms the accuracy of the described calibration methods as well as the results presented in Latteck et al. (2007) . Table 3 shows the onset and end of PMSE observed above Andenes and Davis during three periods of observations as well as the averaged mean values. The mean boreal PMSE season above Andenes starts on 15 May and the season ceased on 30 August (days −37 and 70 relative to solstice, r.t.s.). The mean austral season at Davis lasts from 18 November until 18 February (days −33 and 59 r.t.s.) indicating a shorter PMSE season in the SH than in the NH at an equivalent latitude.
The duration of the PMSE season at polar latitudes is highly correlated with the dynamical and thermal state of the mesopause region (Singer et al., 2003; Morris et al., 2007) . Figure 10 presents daily mean temperatures around 90 km together with mean meridional winds at 85 km (close to the height of maximum PMSE occurrence) obtained from meteor observations at Andenes (Singer et al., 2003 (Singer et al., , 2004 during the summer seasons 2004, 2005, and 2006 . In general the first PMSE appears if the temperature around 90 km drops below 150 K. The meridional winds are directed towards the equator during this time supporting the transport of PMSE particles from higher latitudes as found by 3-D modelling of the generation of noctilucent cloud particles (Berger and von Zahn, 2007) . Mean meridional winds obtained in the Southern Hemisphere at Davis at 86 km in summer /2005 (e.g. Dowdy et al., 2001 are again directed towards the equator in austral summer during the appearance of PMSE. In Fig. 11 these data are shown together with the corresponding meridional winds of the Northern Hemisphere in summer 2004. The occurrence of the first and the last PMSE event are indicated by vertical lines. These observations suggest that PMSE are present at both hemispheres in summer as long as equator ward winds transport cold air from higher to lower latitudes. The shorter SH-occurrence of PMSE is also reflected in the earlier change of the meridional wind to winter conditions (Dowdy et al., 2001; Morris et al., 2006) . The poleward directed winds at Davis around day 50 r.t.s. coincide with a reduced PMSE occurrence above Davis as shown in Fig. 8 and increased temperatures at 85 km between 70 • S and 80 • S (von Savigny et al., 2007) . The earlier end of the PMSE season at Davis around day 60 r.t.s. also coincides with an increase in the mesospheric temperature as measured with falling spheres above Rothera (67 • S) in January/February 1998 by Lübken et al. (2004) . The observed shorter PMSE season and especially the earlier termination at the Southern Hemisphere was also predicted by Lübken and Berger (2007) using the LIMA/ice model. The model reproduces the main PMSE features as observed by several VHF radars in the NH and SH, respectively. Lübken and Berger (2007) concluded that the NH/SH similarities and differences of PMSE are most likely determined by the thermal structure, whereas other potential reasons, such as turbulence, meteoric smoke particles, ionization, etc., play a minor role. Figure 12 shows the height distributions of the mean PMSE occurrence rates, the extreme values of the height distributions are summarized in Table 4 . The width of the mean PMSE height distribution at 1% is 8.4 km above Davis, about 3 km smaller than at Andenes (11.4 km). The lower height at this point above Davis is 82.2 km, about 2.4 km higher than at Andenes (79.8 km). The top of the extent of the PMSE distribution at both locations is very close together. The maximum of the mean height distribution of PMSE occurrence above Davis occurs at an altitude of 85.6 km, about 0.7 km higher than the maximum of the PMSE height distribution at Andenes (84.9 km); this confirms the results of Latteck et al. (2007) who found a difference in peak altitude of 1 km from a comparison of only one NH and SH PMSE season. A similar difference was found for the peak altitudes of polar mesospheric clouds (PMC). Wrotny and Russell III (2006) analyzed HALOE data obtained between 55 • and 70 • latitude in both hemispheres and found that the mean altitude (2004-2005, right) . The occurrence rates refer to radar reflectivities above a common threshold of 1×10 −15 m −1 , and to the number of 5-min averages per day (maximum 288). The seasonal occurrence rate in the middle plots is based on the occurrence of a PMSE event at any height within a 5-min time bin. The solid lines represent a 3-day running mean value (binominal filter). The bottom plots show the daily occurrence rate of PMSE normalized to its maximum. approximately 14 days earlier than at Andenes (Fig. 14) but lasted with only a very few events per day until day 70 r.t.s. which also corresponds to the end of the mean PMSE season at Andenes. From the bottom right plot of Fig. 13 it appears that PMSE occur the whole day over Resolute Bay with a local maximum of occurrence between 09:00 and 12:00 LT. The height distribution (green line in Fig. 12 ) has a maximum at 85.2 km similar to Andenes, but with very few contributions below 83 km. The reason for the strong differences in PMSE occurrence between Andenes and Resolute Bay is still unknown. It might be related to the different geomagnetic location of both stations and the connected dependence of PMSE on geomagnetic activity.
Conclusions
The comparison of PMSE obtained at different sites requires the calibration of the respective radar systems in order to determine system independent parameters like the radar volume reflectivity. Three VHF radars at Andenes/Norway, Davis/Antarctica and Resolute Bay/Canada were calibrated using the same methods and identical equipment.
The occurrence of PMSE in the Northern and Southern Hemisphere were studied using continuous PMSE observa- The volume reflectivity distribution of PMSE observed at Andenes has a larger maximum (∼2×10 −9 m −1 ) than the distribution of their counterparts observed at Davis (∼4×10 −11 m −1 ). The mean PMSE occurrence is less and more variable above Davis compared to Andenes. The duration of the mean PMSE season at Davis is about 16 days shorter than at Andenes. The diurnal variation of PMSE occurrence has a maximum around 11:00-16:00 LT in both hemispheres. The maximum of the height distribution peaks at 85.5 km at Davis, about 0.7 km higher than the maximum at Andenes. The vertical extent of the mean PMSE height distribution is 8.4 km above Davis, about 3 km smaller than at Andenes. Differences of the mesospheric temperatures are the substantial cause of the observed differences in PMSE occurrence at Davis and Andenes as indicated by model studies and supported by temperature measurements by meteor radars.
The volume reflectivity distribution of PMSE observed at Resolute Bay has a lower maximum (∼6×10 −12 m −1 ) than the distribution of PMSE observed at Andenes. The PMSE occurrence is much lower at Resolute Bay than at Andenes. The decrease of the PMSE season at Resolute Bay starts earlier than at Andenes but the end of the PMSE season is very close at both sites. The PMSE height distribution at Resolute Bay has a maximum at 85 km but with only a few contributions below 83 km. The causes for these strong differences are still not known but might be related to differences in the location of the radars relative to the magnetic north pole and the aurora oval.
